
[IRAD-A163 875 PRODUCTION AMD CONTROL OF ION CYCLOTRON INSTABILITIES 1/1
IN THE HIGH LATITUD (U NAVAL RESEARCH LAO WASHINGTON

I DC P IC CHATURVEDI ET AL, 38 DEC 85 NRL-NR-5667

IUNLASIFED E/G4/1 W

EEEEEEEE



1.0

2.0H ill ll - liii,

11111 _

1.2 1111.4 11 1.6;i ill lN *I~l* -lll

MICROCOPY RESOLUTION TEST CHART

L"U

."

- 9 . . . - . . . . . ... .



NRL Memorandum Report 5667

Production and Control of Ion Cyclotron Instabilities
in the High Latitude Ionosphere by High Power

Radio Waves

P. K. CHATURVEDI AND M. J. KESKINEN

If Geophysical and Plasma Dynamics Branch
Plasma Physics Division

S. L. OSSAKOW

(0 Plasma Physics Division

C-

December 30, 1985

This work was supported by the Office of Naval Research.

DTIC
7~ELECTE

SJAN 13198)
u.J B

NAVAL RESEARCH LABORATORY
Washington, D.C.

Approved for public release, distribution unlimited.

-. - - . .. o



EC .R" Q-ASSCCA-0N OC -~'.SAG

REPORT DOCUMENTATION PAGE
.j E!OP' SEC-cri- C-A.A-CA'O% *b 4- 1 Kas

* UNCLASSIFIED
SECRj.' CA' '-CA-(% A _- OR,7' 3 >T BUTiO.N. AiAIIA3ILiTY OF REPORT

DECASSiP'C.7ON' DOWNGRADING SCEDULE Approved for public release; distribution unlimited.

4 ERORMNNG ORGANIZATION REPORT 14MBIERI( 5 VONr'ZRING ORGANIZATION REPORT NUMBER(S)

NRL.Memorandum Report 5667

6a NAE3 IROVCOGNZA1N 6 ;- YBL a NAVE -,F MONITORING ORGANIZATION

*(it applicable)

6c ADDRESS -City, State. and ZIP Code) b ADDRESS City, State, and ZIP Code)

Washington, DC 20375-5000

lNAEOF uNDING, SPONSORING 8b. OFFICE SYMBOL 9 PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER
ORGANIZATION (if applicable)

.5c ADDRESS (City, State and ZIP Code) 1 OREO UDN UBR
PROGRAM PROJECT ITASK ~ WORK UNIT

Arinto, A 227ELEMENT NO NO RR033. NO, ACCESSION NO.
61153N 1 02-44 1 1 DN88O-024

I' IT~E (include Security Classification)

Production and Control of Ion Cyclotron Instabilities in the High Latitude Ionosphere by High Power Radio Waves

OE~RS0CNA. AUrHOR(S)
Chaturvedi. P. K., Keskinen. M.J. and Ossakow, S. L.________________________
'3a 7"PE iJc REPORT 1 3b rIME COVERED 14 DATE OF REPORT (Year, Month. Da) AECUNT
Interim I ROM _____TO ____ 1985 December 30 23
'6 ',UPP EMENTARY NOTATION

This work was supported by the Office of Naval Research.

COSATI CODES 18 SUBJECT TERMS (Continue on reverse it necessary and identify by block number)

7'E _,ROUP SUB-GROUP onperchangIonospheric irregularities

Ion cyclotron instability, High latitude ionosphere

-) 095RAC7 Continue on reverse if necessary and identify by block niumber)

*The possible generation and suppression of ion cyclotron waves in a collisional plasma by external high power
electromagnetic I EM) waves with frequency close to the local upper-hybrid frequency is considered. It is shown
that the ion cyclotron instability can be destabilized (stabilized) for W. < wUH ((j% > WT;H), where wo is the
pump frequency of the EM wave. The results are applied to naturally occurring ion cyclotron instabilities in the
high latitude ionosphere. 1,

1 3, ATSECURITY CLASSIFICATNOi PG

S'.g .~ AV IA I- OP *.*RAC T . - ..

J.~~ D. Hb (22 76-60Coe48



VV.-"7

CONTENTS

I. INTRODUCTION .......................................... 1

II. THEORY ................................................ 3

III. DISCUSSIO N .............................................. 11

ACKNOWLEDGMENTS ...................................... 13

REFERENCES ............................................ 14

DTIC. .. ....
,-.---:T'JAN 1 3 198

_1.V,

-'• ""iii

. . .



PRODUCTION AND CONTROL OF ION CYCLOTRON INSTABILITIES
IN THE HIGH LATITUDE IONOSPHERE BY HIGH POWER

RADIO WAVES

i . :NT.CDUCT:CN

-s now recozn;ed th.at many of the ohenomena occurring in tne

auroral ionosphere may be associated with the presence of the field-aligned

current-systems which are a constant feature at these latitudes [see e.g.,

Burxe, 1981]. in addition to being a key component of the ionosphere-

magnetosphere coupling circuit, these currents may also be re.ponsible in

generating micro-and/or macro-structures (turbulence) in the ambient

plasmas at low altitudes. Such structures have been observed by various

measurement techniques (ground based ionosonde, VHF radar backscatter,

optical measurements, scintillations, in-situ rocket and satellite

measurements, etc.) A catalogue of the structure scale sizes spans the

domain from a few meters to a few hundreds of kilometers [see e.g., Aarons,

1973; Clark and Raitt, 1976: Dyson, 1969; Dyson and Winningham, 1974;

"remouw et al., 1977; Greenwald, 1971; Hanuise et al., 1981; Hower et al.,

1966; Kelley et al., 1980; Ogawa et al., 1976;. Olesen et al., 1976; Phelps

and Sagaiyn, 1976; Sagalyn et al., 1974; Vickrey et al., 1980; Weaver,

T65]. Recent theoretical studies have attempted to interpret these

structures in terms of plasma instabilities, neutral turbulence, structured

carticle precipitation, convection flows, etc. [.Keskinen and Ossakow,

Due to the ever-varying conditions prevalent "n the auroral

Ionosphere, it seems likely that all of these processes may be cccuring at

D ne time cr another. n some instances, different iccessies ,an -e"'i n

3'. illar observable effects which makes the resolution Df indiv idual

'e '.nan3-is i c iu , and introduces complications in the moe Ing

process .he ,ce of active experiments in the near-earth snace offers an

Manuscript approved July 29, 1985.
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attractive complement to the studies of understanding of natural plasma

processes occurring in the ionosphere. One technique that has been widely

used is the modification of tne ionosphere using powerful radio waves

-[Utaut, 1970; Fialer, 197 ; Thide et a!., 1982; Stubbe et al., 1981; Wong

et al., 1913 A considerable amount of theoretical work has been done in

this field Lerkins and Kaw, 1971; Perkins et al., 1974; Fejer, 1979;

Vaskov and Gurevich, 1977; Das and F 1979; Stenflo, 983'.. One of the

possible consequences of the interaction of a large amplitude EM wave with

the ionosphere is the generation of structures in the ambient plasma

density. This may come about several ways; one of them being the

excitation of plasma instabilities by an electromagnetic pump wave under

sub-threshold conditions. By the same token, one could use the same

principie of parametric coupling of the external pump and the natural

plasma modes to suppress a current-driven or gradient-driven plasma

instability in the system. Work on basic parametric instability processes

in plasmas is exhaustive [Silin, 1965; DuBois and Goldman, 1965; Nishikawa,

1963]. The application of these ideas to the possible control of

ionospheric irregularities was originally made by Lee et al. [1972] for the

.case of equatorial electrojet; and, has since been applied for the

equatorial spread F situation [Bujarbarua and Sen, 1978] and the auroral

ionosphere FKesinen et al., 1983]. In this report, we examine the

,ssibi'ity of external control (excitation or suppression) of the current-

.niien .on- yciotron instability in the auroral ionosohere. In addition to

-eing excited in tne tonside ionosphere [Kindel and Kennel, 1971], the

. current-driven ion cyclotron instability may also be tri,;gered in the

collioionaa bottomse ionosphere m.Chaturvedi, 1976; Satyanarayana et al.,

?35; 7eJer er. ai., 1984] by a radio-wave at the .ocal upper-hybrid

frequency. In the next section, we outline the tlieory, and, estimate the

2
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incident power density required to stabilize or destabilize the

instability. The final section considers application of these results to

the bottomside high latitude F region ionosphere.

We follow the theoretical procedure outlined in Lee et al. [197 2] and

Keskinen et al. [11983] o h aluaino the dynamic plasma response

to a large amplitude electromagnetic pump wave. The equilibrium consists

of a field-aligned current Jz=- noevo.3 and an oscillating electric

field E 0= E 0Cos W0 t. We have equatzed the zero-order current to an

equilibrium electron drift V~ and have used the so-called dipole

approxiation for the pump wave which is valid when t,"e wavelength of the

*perturbations (- k ) is considered -nuch smaller than the scalesize of the

*variation of the pump-field (k 0 ) i.e. , k 0 << k. We sihall use the two-

fluid equations in describing the electron -and ion -fluid dynamics,

N + 7 .(Nv V 0(;at

N 'M ( + 7. 7)V =-VP + eN - v m. N V (2)

P =NT (3)

7 * 4Te(. - IN 3 (34)
- i e

v~e Initially assume cold" ions (:0 ). Later, we w4 71 or, sent results that

in'clude thne ion-temoerature eff-?' ts (T. .. Ii>.C -~,M,,,,

cdenote the mass, number density, velocity, pressure, and temperature,

e-spec-ti ;ely, ~f the species 1; V is the c,) 11i 3isn frequency 0 L



species a with tne neutrals, and e,c, E, and 3 represent electric cnarge,

velocity of lignt, electric fiell and magnetic field, respectively. Since

we restrict this study to bottom-side altitudes we take 'in

where . is the ion-ion collision frequency and v. the ion-neutral

.coision frequency. in equilibrium, we have

7 • N V ' 1  '5
0-a -- n-'L

V_1O x B
(E - )4rn - - v V 7P /Mn N()

dV V x B
an + e (E +_'p__- U(7

dt -m -p c a-ap

aner. a = ee, and and V refer to rifts induced cy toe ambient and

pump fielis, respectively. Note that eq. (7) describes tl,,e approximate

equilibrium oscillatory motion of plasma particles under the action of te

RF electromagnetic field. Linearizing (1) - (4) for perturtations,

- = if , and assuming 3f << f we obtain
C:~~~~ ;v0".' $

4-Sn~V 3*75n 5 v 7N ~ 17*: 01
'I CIOa lao -a 0 Ia

6V x~ 25 76P
(Vv +- 1 5E + - - -viv(

t '-1aC _(1p --I cM A0 1)

SE =4Te:n - o

:on-ienient to transfoorm toD an oscillating frame,, de-fined toy
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.n'e :;sm uan7,ities in the oscillating frame are

Sft r t) wnere -Ihe prime denotes -.he oscillating fa me
Y aL a

qu'antities. Equations (3) ( are similar in the oscillating frame, with,

substitutions (v v 5n 6n 5 v -P. 5E - E and r -* r
OL a o, C a -1 a -- a

Assuming a harmonic perturbation, exp [i(k r - ti] With k (k x
- -~ x

~v k z) and +i= iY, we may combine k-3) and (9) ant nt

= anE (12a'
e e

6n. 6 E (12b)

"in e 

L k k
pe z

e 2 2 2 2 2 ^2

e z e

and w__e

4 7'<jI
i 't2

4r(.W + ~-

a n

W I v

M5
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We have used 7N = 0, . 0 in deriving (i3) - >). One n:w transforms
1

back to t.he laboratory frame and writes down the d. persi.jn reation for

the modes by using the Poisson's equation. This transformation has been

""in Lee et . -9,, and the 1ispersi.)n relation, t:us obtained,

x K -15)
+*T~( J, ; - 41 * + -T ' Hw~j +

- 1 -
C ee -He

ftnere 'j+ w w0and,

.- nq "T

iC)= L... f s Ocosnede 6

, -' ne, yv • _ in, + 33, and, He = 4x

,ot n tnat 4e ':.,ave ignored the effect of the pump wave on ions anI

rate oei pe approxlr.at ion ; << I in deriving (15) which states that the

Stron excrs ion I ngtn ;n the pump field is smaller than the

. ,roaaon :n. absence of the pump field, t.e left hand side

at- . a l dS t the disoersion relation fcr ion-cyclotron waves

22 k +~r_-. - i - - I o - - i -- ( - v [ i-. .( 7
" 3 0.k" zO ,

r- terites a resictive i,:n-cyclotron inst.bit/ ty r modes wit real

=< i,
- -' ; ( 3a,

I- -' = ; - :- .a. -



and ;r-)wth rate( b

-n ,2 K V

2 m, ,2 e' )

4hre*2 =T/M; An application of this instability for tne aurcral

ionospir.ere has recently been discussed by Satyanarayana et al. [1985].

hysically, the instability is related to the dissipative effPect cn

electrons in their parallel motion which impedes the "instantaneous,'

redis"tribution of the electron fluid to a Boltzmann-like distribution inr

the wave potential. In the collisionless limit, the dissipation is due to

tne wave-particle (L-andau) resonance [Drummond and Rosenblath, 1962], while

in the collisional case, it is caused by the electron collisions with ions

-Dr netas Cauvd n a,1975]. When the electron drift velocity

exceeds the parallel wave phase velocity, the electrostatic ion cyclotron

(-I') wave becomes Unstable.

Tn the presence of the pump-wave, the dispersion relation (17) is

modified to

1k Ckr.J~ (1/k 2 2 ' IQ

F%~.Z) ~2-2 e e -

S]=A (1(9)

Eri~ ives

2 - 2 ,2,2
u~ -. ~ k20)

.............................



and

K { V0  - i(212r.n 2  "

--~

V e
-+ - )

2 2 + 22

.--. = SJ- r, 20 2

2 2 2 -2 2W "I - + uj + V)

D 'UH' 'J H e pe e

-2
2 2- )- _ _ i.,

pe :e e e
Li)

0

and,

2 2 + 2 22 -e k2  2 2 )
+ 2  + k +

2. 5 - x x py 2 y sx x py'

2

2E «< cost(12 ~
.- ,22 - 2. ,', . -p x p y - x y - " k i ,

+ t * -"e'" k E k E s in +k E costa'I
: pz x px '0x px yp

0

iere, ."e :wri wv 13 taken as -L. =e et al., 1972]

-'[' -p - .,'t _
Z~-2. ~ +-

-ere, E is incdIwed as je -are considering mcdes with k W . e nave

8
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;Zek, e > Y, w,, and, P> Z/- in deriing '20) - '21. We

can rewr.te the modified irowth rate of the modes as

2 2 2... - _ (kv o  - 7 - e ,'' 'e .:',,:

k,- e k e 2. ( -

•ee Y. . denotes the linear growth contribution in absence of the pump-

ied while 7 represents the modification introduced by the pump. We have

again used << I in going from (21) to (25). We see from inspection of

25) that the presence of the pump can be stabilizing (destabilizing)

if 5 > 0 (< C), or, when ,0 > W UP(W0 < WUH ] "  We note that similar criteria

were also obtained by earlier workers [Lee et al., -972, Eujartarua and

Sen, 1978, Keskinen et al., 1983].

We can treat the finite ion temperature effects in a similar

ilsn.on. Since the ion-cytclotron instability has maximum growth rate in

--e :. onosphere near K 0. - 1, [Satyanarayana et al., 1985; Kindel and

.Kennal, >97] one needs to use the kinetic (collisionless Vlasov-Soltzmann)

equation for ions [Dum and Dupree, 1970]. in this case, the modified

...lsersion relation becomes,

V

'-1 - e e W 2JJ()
+__ Wpe t J i

-.. <2 21 k 2 2 2 2 2 .

z e

;here,

2 2
* -. -u k v
e . ( )

K n n

-i: 9

.-.. . . .



k
K -~ t.~e csence of trne pump wave, this expression yilsteion cycl ro

-- ers/on --elation,

[ - .- . 2 - .<Uji- Q.

z e

, yiels the exresSions f'or the real frequency and the growth rate

r 1 i

- e E -- v; tI v.._v k2 2 129= :.:i+ --7 2 +  F14z"• !iI p+

k V.

4,ere .h.e second term in (29' in the expression for Y results from the ion-

- Landau damping and we have added a contrioution (last term) due to ion-

iiscous damping Eu= and Dupree, 1970] for completeness. The collisional

ion-cyclotron instability described by (29, may have relevance for the

srcrt wavelength observations (such that k pi - 1) of ion-cyclotron waves

at low 3.nospheric altitudes [Bering, 1984; Satyanarayana et a!., 1935].

The inclusion of pump wave effects in equation (28) leads to

modification of (29) in the form given by

~+
V.

-( Y, - ("li " 2e

A
j ,<

where A and Y. are given by (22) and (29) respectively. We see that the

c ~mo wave is 3tabilizing (Jestabilizing) f)r 5 ) 1 
( < 0), i.e.,

10
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.- Uwhen w > U(W < ;UH) as in case of fluid ions keq. (25); One can~ UH 0 'U

readily extend this analysis to the case of the kinetic E :nstatiliv

.Drummond and Rosenbluth, 1962]. However, in the ionosphere, the kinetic

rs abili lly is likely -to occur at higher altitudes 'Kindel ana Kennel,

1971] such as above the F peak; whereas, the modification exerimentS hav

access only to the lower collisional alti~ades.

A rough estimate for the threshold amplitude of the pump-field

required to stabilize or destabilize the collisional EIC instability,

reveals that (using (30)),

2 Q 2 k ) 2 v2 w-3 ,w.(u k v2, B2 ° _ ) ,j rkzV0 ) a -2
c K 3io e z e 0e e z _ /2 r

3
T , ;i Ck2 ,.2 4 2 2 k

e pe z e

+ k  2 2,2

where t is given by (27) and we have considered a circularly-polarized 0-

mode, so = ,/2 and 1E I = 1-py. For typical high-latitude F-region

parameters LSatyanarayana et al., 19851, we have, B0 - 0.5 G,
I_,k 0-2 ,0c 0I7s-1

. "kc 1 , k _Pi_ 1.5, p -1
3cm, w0 - W p e - 3 x 10 s

0' eV, P 3 cm, V 2 x 10' cm s V. 0.I sec ,

-7 -,n"

-. 1Sec S4.i Ing t,-'at -- 5 x 10 ;1m .

III : T.. D ....... IC

We have stadieb the effects of a high frequency elezctromagnetic pump

iare on the evoluticn of ion cyclotron instabilities in a weakly ionized

zolilsional plasma. We find that an electromagnetic pump wave oscillating

". ,



with the upper hybrid frequency can lead to the artificial production or

control of ion cyclotron instabilities in a collisional plasma. The basic

physical mechanism of this process can be expressed as follows. The

" electromagnetic pump wave with frequency UH interacts with low frequency

*on cyclotron modes w and drives sideoanJs at w + w These sidebands

can, in turn, couple to the pump fields and nonlinearly affect the ion

cyclotron modes. This interaction is ponderomotive in nature. However,

the partial pressure force (Fejer, 1979) can also play a role depending

upon the k of the sidebands. Fejer [1979] has shown that the partial

pressure force exceeds the ponderomotive force roughly

w.-en 4X e, where X is the electron nean free path. For the
collisional EIC, (k /k ) - 0.06, (k p.) - 1.5 and Ae - km. [Satyanarayana

et al., 19851, which implies, A < A . Thus, for the ion-cyclotron modes,

the oredominant pump-wave-induced parametric effects are likely to be of

* ponderomotive force-like in nature. For parameters typical of the high

latitude ionosphere, we find that ion cyclotron modes can be stabilized or

destabilized with an incident pump electric field on the order of 0.1

S/I. The polarization of the pump wave should be 0 mode. These power

density levels could be accessible using the ionospheric heaters in Alaska

(Wong et al., 1981) and Norway (Stubbe et al., 1981).

We have made several simplifying assumptions in the course of this

paper. We have assumed the dipole approximation, i.e., taken the
-1

wavelength of the pump wave k p to be much larger than the wavelength of
P

-I -I -1
the ion cyclotron modes k 1 Since k - 100's m and k - P. - 10 m, this

p

assumption is valid. :n addition, we have neglected pump electric field

swelling near the reflection point (Ginzburg, 1964) and, as a result, our

thresncld Pump electric fields should be considered as lower bounds.

12
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